Land application of piggery wastewater has the potential to contaminate receiving water bodies due to the presence of elevated concentrations of nitrogen (N) and phosphorus (P). This paper investigates P sorption and N transformation using soil from 2 wastewater disposal sites in south-east Queensland. Soil from Site 1 was classified as a clay (Vertosol) and soil from Site 2 was classified as a sandy loam (Sodosol). Soil was collected from wastewater disposal (irrigated) and non-disposal (non-irrigated) areas of each site. Nutrient sorption kinetics and transformation were studied by reacting each soil with either wastewater or an inorganic salt solution over a period of 21 days. Solution P concentrations decreased with time for all soils. These changes were greatest during the early stage of the study (<10 days), after which time solution P concentrations remained relatively stable. Concentrations of solution P tended to remain higher in irrigated than non-irrigated soils. This was attributed to a loss of high-affinity sorption sites due to past wastewater additions. Cation exchange (for times <3 days) and nitrification (for times >3 days) were found to be the primary mechanisms responsible for decreases in solution ammonium (NH 4 -N) over the 21-day period. Phosphorus and NH 4 -N sorption isotherms were determined using a leaching procedure, and the data were adequately described (r 2 >0.95) by the Freundlich equation. Irrigated samples generally sorbed less P than non-irrigated soils. This was attributed to the loss of high-affinity P sorption sites due to previous wastewater additions. Cation exchange and competition between added and resident cations for the exchange sites was found to govern NH 4 -N sorption by these soils. Results from this study suggest that long-term land application of piggery wastewater may encourage leaching of N and P from the plant root-zone in soils with limited capacity to retain these nutrients. Appropriate management strategies to minimise these losses need to be developed to avoid degradation of the receiving soil and/or water environments.
Introduction
Land application is practised in many areas of Australia as an effective management option for disposing of industrial, agricultural, and municipal wastewater. Despite the benefits of applying nutrient-rich wastewater to cropped land, there is concern that long-term use of poorly designed irrigation strategies can ultimately degrade the receiving environments (Redding 2001) . In the USA, the environmental impact of phosphorus (P) from long-term use of P-rich wastewater and manures is a major issue because soils containing elevated solution P concentrations can act as non-point sources for pollution of surface and shallow ground waters (Maguire et al. 2000; Sims et al. 2000) . These environmental concerns have resulted in legislation and policy changes that will enforce more stringent control and management of P additions to land (Maguire et al. 2000) . It is anticipated that similar concerns relating to land application of nutrient-rich wastewater will need to be addressed in Australia in the near future.
Nutrient concentrations in wastewater tend to be highly variable and industry-specific. Sewage effluent can contain nitrogen (N) and P concentrations up to 10 and 5 mg/L, respectively (Menzies et al. 1999; Smith and Bond 1999) , whereas wastewater from intensive agricultural industries such as piggery and dairy feedlots can contain N and P concentrations of >200 and >20 mg/L, respectively (Silva et al. 1999; Redding 2001) . Since much of the published literature in Australia has focussed on the fate of sewage effluent in soil Polglase 1997, 1999; Menzies et al. 1999; Smith and Bond 1999) , there is a need to understand the environmental impacts of excessive nutrient loadings associated with long-term disposal of wastewater from intensive livestock operations. Holford et al. (1997) found that soils previously treated with animal effluent sorbed less P than non-treated soils, and attributed this to the presence of competing organic anions and the loss of high-affinity sites. These workers also found that past wastewater additions reduced P sorption capacities in a range of soils by up to 38%, suggesting the continued wastewater additions could cause excessive loss of P through leaching.
Where wastewater is applied at rates to satisfy crop P requirements, excessively high concentrations of N will also be added because N concentrations in wastewater from intensive livestock operations can be more than 10-fold higher than corresponding P concentrations. As this amount of N (up to 500 kg N/ha) is likely to exceed normal crop requirements (cf. 200 kg N/ha), the potential for N leaching below the plant root-zone is high. Carey et al. (1997) found about 14% of the total N applied in pig slurry (applied at a rate of 400 kg N/ha) leached to depths >100 cm in a Udic Ustochrept. Silva et al. (1999) also reported N leaching losses of about 12% following the application of cow urine (1000 kg N/ha) to a Udic Ustochrept. In both of these studies, nitrate was the dominant form of N leached from the soil, despite ammonium being the dominant form of N added to the soil. This highlights the importance of N transformations in the effective management of wastewater disposal areas.
Sorption isotherms have often been used to describe the fundamental processes responsible for the retention of chemical compounds by soil colloids, and are usually measured using a standard batch technique. Limitations of batch techniques are well known (Bond and Phillips 1990) ; these include breakdown of soil aggregates and solubilisation of soil components due to sample agitation, soil/solution ratios that are much smaller than in natural soil systems, and changes in the concentration and composition of the solution during the equilibration period. Sorption isotherms measured using a leaching procedure rather than the standard batch technique would be expected to more closely mimic leaching conditions commonly found in soils, particularly for situations where sorption equilibrium was not instantaneous (Bond and Phillips 1990; Leij and Dane 1990) . This paper investigates N and P sorption and transformation in soils from 2 piggery wastewater disposal areas in south-east Queensland. This work is a part of a major study undertaken to quantify N and P leaching losses from selected piggery wastewater disposal areas, with the specific aim of developing effective management strategies for long-term wastewater disposal.
Materials and methods

Wastewater sampling and characterisation
Samples of piggery wastewater were collected from 2 intensive livestock operations near Toowoomba in south-east Queensland (Site 1 and Site 2). Approximately 40 L of wastewater (WW) from each operation (WW1 and WW2, respectively) was collected and stored at 4°C prior to use. Wastewater characterisation was conducted using both filtered (<0.45µm) and unfiltered samples, and was analysed as outlined below.
Soil sampling and characterisation
Soil was collected from the 2 piggery wastewater application sites near Toowoomba in south-east Queensland (Site 1 and Site 2). Soil at Site 1 was classified as a Vertosol in the Australian Soil Classification (Isbell 1996 ) or a vertisol (Soil Survey Staff 1994 . Soil at Site 2 was classified as a Sodosol in the Australian Soil Classification (Isbell 1996) or a Natrustalf (Soil Survey Staff 1994) . Samples were obtained from wastewater irrigated and non-irrigated areas of each site, and from major horizons of each soil profile. Soil samples from Site 1 were collected from the 0-20 and 20-40 cm depth intervals. Samples from Site 2 were collected from the 0-20, 20-65, and 65-75 cm depth intervals; however, samples from only 0-20 cm were collected from the non-irrigated area of Site 2. All soils were air-dried and sieved (<2 mm) prior to analysis (n = 3).
Analytical methods Wastewater
Filtered (<0.45 µm) and unfiltered solutions were analysed for pH and electrical conductivity (EC) using appropriate meters; calcium (Ca), magnesium (Mg), potassium (K), and sodium (Na) by atomic absorption sprectrometry (AAS; Varian Spectra AA); total carbon (C), inorganic C, and total organic carbon (TOC) using a TOC analyser (DC-190 High Temperature Total Organic Carbon Analyser); Cl (QuickChem method 10-117-07-2-B), molybdate reactive phosphate (MRP) (QuickChem method 31-115-01-3-A), ammonium (NH 4 -N) (QuickChem method 10-107-06-4-D), nitrate (NO 3 -N) (QuickChem method 10-107-04-1-H) and sulfate (SO 4 -S) (QuickChem method 10-116-10-1-E) by flow injection analysis (LaChat Flow Injection Analysis QuickChem 8000); total Kjeldahl nitrogen (TKN) (QuickChem method 10-107-06-2-D) and total phosphorus (TP) (QuickChem method 10-115-01-1-C) by sulfuric acid/potassium sulfate digestion and flow injection analysis. The organic N and organic P fractions were estimated as TKN minus NH 4 and TP minus MRP, respectively; however, it was recognised that these definitions were not truly representative of the forms of P and N in these fractions. Based on the terminology of Haygarth and Sharpley (2000) , the TP minus MRP fraction shall be termed unreactive P (UP), which includes dissolved organic P (DOP), soluble organic P (SOP), and dissolved non-reactive P (DNRP).
Soil
Unless otherwise stated, soils were analysed using procedures described in Rayment and Higginson (1992) . Exchangeable Ca, Mg, K, Na, and aluminium (Al) were extracted by shaking samples of soil with 0.01 M silver thiourea (AgTU) at a soil to solution ratio of 1:20 for 2 h (Method 15F1). Calcium, Mg, K, and Na were determined by AAS, and Al was determined colorimetrically using catechol violet (Dougan and Wilson 1974) . The effective cation exchange capacity (ECEC) refers to the summation of exchangeable Ca, Mg, K, Na, and Al, and was used as an estimation of the cation exchange capacity (CEC). Available-P was determined using 0.5 M sodium bicarbonate (NaHCO 3 pH 8.5) at a soil to solution ratio of 1:100 (Method 9B1). Total P (TP) was determined by sulfuric acid/potassium sulfate digestion and FIA techniques (QuickChem method 13-115-01-1-B). Total Kjeldahl N (TKN) was determined by sulfuric acid/potassium sulfate digestion (as for total P) (QuickChem method 13-107-06-2-D). Inorganic N (NH 4 -N and NO 3 -N) was extracted using 2 M KCl (1:20 soil to solution ratio for 1 h; Method 7C1) and the extracts were analysed using FIA techniques (QuickChem methods 10-107-06-4-D and 10-107-04-1-H). Soil pH (Milli-Q water and 0.01 M CaCl 2 ; Methods 4A1 and 4B2, respectively) and EC (Method 3A1) were determined using a soil to solution ratio of 1:5. Organic carbon content of the soil was determined using the Walkley-Black method (Method 6A1). The more reactive forms of Fe and Al (hydrous oxides) were extracted using acid ammonium oxalate (McKeague and Day 1966) . Particle-size analysis was conducted as described by Gee and Bauder (1986) .
Effect of time on P sorption and N transformation
Phosphorus sorption and N transformation were investigated using wastewater (WW1 or WW2) and an inorganic salt solution (IN1 and IN2) containing only MRP, NH 4 -N, NO 3 -N, and Cl at concentrations representative of those in the wastewater. The inorganic solution was used to demonstrate N and P behaviour in the absence of elevated DOC and DOC-complexed forms of N and P. Other cations (e.g. Ca, Mg, K, and Na) and anions (e.g. SO 4 ) were intentionally not included as part of the inorganic solutions to minimise the effects of competition between cations for the exchange sites, and precipitation of P with soluble cations (e.g. Ca). The concentrations of MRP, and Cl in IN1 and IN2 were 23.5, 235.1, 0.0, and 888.2 mg/L, and 35.3, 125.7, 0.0, and 282 .3 mg/L, respectively. Unless otherwise stated, soil from Site 1 was reacted with WW1 and IN1, and soil from Site 2 was reacted with WW2 and IN2. Approximately 15 g of each soil was placed into individual 20-mL polypropylene syringe barrels (Chux cloth and GF/A filter paper in base of syringe; Chux cloth on soil surface) and leached with approximately 15 mL of wastewater (WW1 or WW2). The syringe barrels were covered with perforated plastic film, and placed in a vertical position. A sample of the soil solution was extracted after 0, 1, 3, 6, 8, 11, and 21 days by high speed centrifugation (10 000 rpm for 1 h) using the procedure by Elkhatib et al. (1987) . The concentrations of inorganic N (NH 4 -N and NO 3 -N) and P (MRP (>0.45)) in the solution phase were measured by FIA.
The average (n = 2) P data were fitted to the relationship (Sparks 1989 ):
where c is the concentration of MRP in the extracted solution (mg/L), t is time (days), a and b are constants. All fitting was done using the computer software package 'GLE Version 3.2' (DSIR1991).
Sorption isotherms
Sorption isotherms were determined using a similar procedure to that reported by Leij and Dane (1990) .
Leaching solutions
Soils from each disposal site were successively leached with 6 solutions. The solutions were made by diluting known volumes of wastewater (WW1 or WW2) with Milli-Q deionised water 1 (i.e. undiluted), 2, 5, 10, 25 times. Milli-Q deionised water was also included as a leaching solution. Soils from Site 1 were leached with solutions derived from WW1, and soils from Site 2 were leached with solutions derived from WW2.
Leaching system
Small sections of polypropylene (2 cm high by 3 cm i.d.) were constructed by slicing segments from a 60-mL syringe barrel. A layer of nylon mesh (1-mm aperture) followed by a layer of Chux cloth was attached to the base of each section. The base of the section was sealed into a small filter funnel (using silastic) which drained (under a slight tension of 10 kPa) into a 120 mL polycarbonate container.
Leaching procedure
Approximately 10 g of air-dry (<2 mm) soil was packed into a pre-weighed section of polypropylene, and the mass of dry soil calculated as the difference between the section and the (section+soil) weights. The soil surface was covered by a layer of Chux cloth to minimise aggregate disturbance during leaching. Solution was added by a peristaltic pump at a rate which maintained a ponded depth of about 1 cm above the soil surface. Ponding ensured maximum contact between the soil and solution. Each section of soil was successively leached by the 6 input solutions as follows. Commencing with Milli-Q deionised water, solution was added until the ionic composition of the input and output solutions were the same. Preliminary experiments found that sorption equilibrium was attained after 450 and 150 mL of solution had passed through soils from Site 1 and Site 2, respectively. All of the leachate was collected, and the total mass obtained by weighing. A subsample of leachate was filtered (Whatman No. 42), and immediately analysed for pH and EC. The rest of the filtered solution was stored frozen prior to analysis for MRP and inorganic N (NH 4 -N and NO 3 -N). The soil was then leached with 100 mL of Milli-Q deionised water to reduce soluble ion concentrations in the entrained solution prior to adding the next leaching solution. Since concentrations of solution MRP and inorganic N at the end of this wash step were very low (consistently <0.05 mg/L) relative to those added in the leaching solutions, any residual MRP or N in the entrained solution would not affect the final amounts measured in the leachate. The next concentrated solution was leached through the soil as described above. This procedure was repeated until the soil had equilibrated with all 6 solutions. The amount of N and MRP lost from each solution was assumed to have been sorbed by the soil. The N and P sorption isotherms were described using the Freundlich equation:
where c is the ion concentration in the leachate (mg/L), S is the change in ion concentration in the solid phase (mg/kg), and k and n are empirical constants related to the sorption index and bonding strength respectively. All fitting was done using the computer software package 'GLE Version 3.2' (DSIR 1991).
Statistical methods
Phosphorus sorption kinetics for each soil was analysed by comparing the change in solution MRP over each time interval. The effect of wastewater irrigation on MRP and NH 4 -N sorption parameters was evaluated using analysis of variance (ANOVA) and comparison of means by least significant differences (l.s.d., P = 0.05) procedures (Analytical Software 1994).
Results and discussion
General description of wastewaters
Wastewater1 exhibited an alkaline pH (pH 7.9), was highly saline (EC = 9500 µS/cm), and contained very high concentrations of dissolved organic carbon and inorganic carbon (Table 1) . Nitrogen was present as NH 4 -N (82% of total N where total N = TKN + NO 3 -N) and organic-N (18% of total N). The absence of NO 3 -N can be attributed to the highly anoxic condition of the wastewater storage pond at Site 1. More than 90% of the total P (TP) in WW1 was present as reactive P (MRP), with <10% present as UP. The dominant cation in the wastewater was K, with lesser amounts of Ca, Mg, and Na. Potassium is one of the major cations excreted in animal urine (Saunders 1984) .
Wastewater2 exhibited an alkaline pH (pH 7.6), but was much less saline than WW1 (EC = 2733 µS/cm). Dissolved organic carbon comprised nearly 70% of the total carbon. Nitrogen was present mainly as NH 4 -N (75% of total N), with lesser amounts of NO 3 -N (3% of total N), and organic N (22% of total N). Much of the wastewater P (86% of TP) was present as reactive P (MRP), with about 14% present as UP. The dominant cation in the wastewater was K with lesser amounts of Ca, Mg, and Na.
Filtering (<0.45 µm) dramatically reduced the concentrations of many important components of both wastewater samples (Table 1) . Filtering had the most pronounced effects on TOC, TP, and MRP, where decreases of about 80% in the concentration of these parameters were observed for both wastewater samples. These results clearly indicate that care must be taken when extrapolating information from filtered samples to evaluate potential leaching losses of N and P, and the associated environmental impacts, at wastewater disposal areas.
Effect of equilibration time on P sorption and N transformation P sorption kinetics
The change in solution MRP followed a similar pattern for all soils (Fig. 1) . The concentration of solution MRP was highest on Day 0, and decreased rapidly over the following 3-6 days. For all soils, the rate of change in solution MRP over the 8-11 and 11-21 day periods were not significantly (P > 0.05) different from each other, which indicated that MRP sorption had slowed considerably after a reaction time of about 10 days. Similar findings have been reported by Gerritse (1993) , Chen et al. (1996) , and Falkiner and Polglase (1997) . The initial rapid stage of P sorption has been attributed to the presence of high-affinity sites which are immediately accessible to solution P, while the slow stage of sorption may be due to P diffusion to poorly accessible sites (e.g. within soil aggregates) and/or precipitation with solution cations (e.g. Ca, Fe, and Al) at the colloid surface (Sanyal and De Datta 1991) . The parameter b in Eqn 1 has a major effect on the shape of the curves in Fig. 1 , particularly the rate at which solution MRP concentrations become constant. Generally, the value of this parameter for irrigated soils was not significantly, or only weakly significantly (at P = 0.05) different from corresponding values for non-irrigated soils ( Table 2 ), suggesting that the rate at which solution P changed with time during the latter stages of the experiment did not vary widely within each soil type. The only obvious exceptions were the 0-20 cm depth from Site 1 receiving WW1, and the 65-75 cm depth from Site 2 receiving WW2. The irrigated samples for these soils exhibited the largest b values of all soils, suggesting that the addition of wastewater to these irrigated samples has affected their ability to sorb added P. The reason for this behaviour is unclear, but may be related to soil textural properties (i.e. clay percentage) affecting P diffusion-rates to sorption sites within aggregates, and/or precipitation of P as low-solubility phosphates with cations in the wastewater, or displaced into solution by cation exchange reactions (Sanyal and de Datta 1991) .
Of these 2 stages, the initial rapid sorption of P is considered to be the most important as this would quickly relocate a high proportion of solution P to the soil colloids, thereby reducing potential leaching losses. Soil materials from Site 1 sorbed >99% of the added MRP within the first 10 days of application for both depths (0-20 and 20-40 cm) and treatments (wastewater and inorganic solutions). In contrast, soils from Site 2 had only sorbed approximately 80% of the added MRP by Day 3, and <90% by Day 21. The only exception was the clayey soil material from the 65-75 cm depth, which had sorbed 99% of the added P by Day 8. These results indicate that, where possible, adequate reaction time between the applied P and the soil colloids should be allowed to maximise P sorption and minimise leaching losses. For Site 1 and 2, approximately 1 and 3 days, respectively, would be required to maximise P sorption.
The equilibration study also showed that (i) solution MRP concentrations were significantly higher (P < 0.05) in the irrigated than non-irrigated samples for the 0-20 cm depth of Site 1 and 2 on Days 0, 1 and 3 (Fig. 1a,b ,e,f), and (ii) there was no significant difference between solution MRP concentrations in the inorganic and wastewater solutions, except for material from the 20-65 cm interval of Site 2 (Fig. 1g) . Reduced P sorption by irrigated soils compared with non-irrigated soils has been reported by Holford et al. (1997) , Nair et al. (1998) , Falkiner and Polglase (1999) , Menzies et al. (1999) , and Sui and Thompson (2000) , and has been attributed to a loss of high-affinity and readily accessible P sorption sites, and from competition with other organic ligands. The similarity in MRP concentrations between the wastewater and inorganic solutions suggest that organic acids in the wastewater had little effect on P sorption by most soils in this study. Although Menzies et al.(1999) partly attributed reduced P sorption by irrigated soils to competition by organic ligands, they could not identify wastewater or naturally occurring organic matter as being the major source. Further research is required to identify the major organic components of piggery wastewater, and the effect of these organic compounds on soil chemical and physical properties, and on nutrient behaviour in irrigated soils.
The 0-20 cm depth for soil from Site 1 and Site 2 contained 3-5 times more P (total and available forms) in the irrigated samples relative to the non-irrigated samples (Table 3) . This suggests that resident P already occupied a proportion of the high-affinity sorption sites in the irrigated soils. This would limit the number of sorption sites available for P added in WW1 or WW2, and could explain the relatively higher solution MRP concentrations detected in soils from wastewater irrigated areas of Sites 1 and 2. Therefore, the data from the P sorption study suggest that initial resident P concentrations may have been largely responsible for reduced P sorption in the irrigated soils, and that the presence of organic acids in the piggery wastewater did not have a significant effect on P sorption. Phosphorus sorption kinetics was adequately described by Eqn 1 (Fig. 1) , with r 2 values generally ranging from 0.8 to 0.99 (Table 2) .
Ammonium-N sorption and transformations
Solution NH 4 -N concentrations decreased as a function of time for all soils, although the magnitude of change varied between soils and equilibrating solution (Fig. 2) . Cation exchange was the most likely cause for the initial decrease in solution NH 4 -N, which would 195 (15) 363 (21) 224 (11) 271 (15) 13 (2) 144 (2) 79 (5) 77 (3) Organic C (%) (52) 1713 (8) 925 (2) 1089 (63) 3829 (56) 305 (14) 145 ( result in solution NH 4 -N replacing resident exchangeable cations such as Ca and Mg (Table 3) . For soil from Site 1, more solution NH 4 -N was removed from the inorganic solution compared with that removed from the wastewater over the initial 24 h of equilibration. For example, in the non-irrigated 0-20 cm depth sample, about 40% of the added NH 4 -N had been removed from solution within 24 h for IN1, whereas only 10% had been removed from WW1. The main reason for this behaviour may be attributed to the ionic composition of the 2 solution types. Ammonium was the only cation in the inorganic solution, whereas the wastewater contained a range of cations which would compete with solution NH 4 -N for the limited exchange sites (Table 1 ). The absence of this effect in soil from Site 2 may be due to the similar concentrations of NH 4 -N initially added in the 2 solutions (125 and 124 mg/L for IN2 and WW2, respectively), and the limited cation exchange capacity of this soil (ECEC <<10 cmol c /kg, Table 3 ). These results highlight the need to study chemical sorption by irrigated soils using 'representative' solutions since where competition is ignored, the amount of cation sorption/exchange can be over-estimated, thereby under-estimating the actual leaching potential. Solution NH 4 -N generally continued to decline over the 21-day period for most soils (Fig. 2) . Ammonium sorption is commonly regarded as instantaneous, so mechanisms additional to cation exchange were contributing to the loss of solution NH 4 -N. Figure 3 clearly shows that solution NO 3 -N concentrations steadily increased over the 21-day period, particularly during the later stages of the experiment. It is well known that, under appropriate conditions, solution NH 4 -N is readily transformed to NO 3 -N (Tisdale et al. 1993) . The average nitrification rate for soil from Site 1 treated with IN1 and WW1 was 1.3 and 3.6 mg/kg.day, respectively, and the average nitrification rate for soil from Site 2 treated with IN2 and WW2 was 1.4 and 2.0 mg/kg.day, respectively. These rates were consistent with those reported in the literature of about 1-2 mg/kg.day (Tisdale et al. 1993) . This suggests that nitrification was a major cause for the decline in solution NH 4 -N, and that during prolonged incubation (i.e. between irrigation events) a significant proportion of solution NH 4 -N not retained by the soil exchange sites could be transformed to NO 3 -N, and subsequently lost through leaching. Carey et al. (1997) applied pig slurry to soil at rates of up to 400 kg N/ha, and monitored N concentrations in the leachate over a 2-year period.
Despite the slurry having a solution NH 4 -N concentration of over 1000 mg/L, negligible amounts of this ion were found in the leachate. Of the various NH 4 -N loss mechanisms proposed, cation exchange and nitrification were identified as two of the most important ones.
Time ( 
Phosphorus and N sorption isotherms using the sequential leaching procedure Phosphorus
Phosphorus sorption isotherms for each soil are presented in Fig. 4 (a,b) . Most soils exhibited a curvilinear shape (L-curve, Sposito 1984) , indicating that the surface bonding energy was not constant, but varied as a function of adsorption. This shape of isotherm can be explained by a dominance of high-affinity sites at low solution P concentrations, with the relative proportions of high to low affinity sites decreasing with increasing P loading. Soil from Site 1 demonstrated a greater ability to sorb added P than soil from Site 2, which can be attributed to the greater amount of (amorphous) hydrous Fe and Al oxides of soils from Site 1 ( Table 2 ). The importance of hydrous Fe and Al oxides on P adsorption has been documented extensively in the literature (Sanyal and De Datta 1991) . Table 4 . The parameter k, can be used as a sorption index, while the parameter n can be likened to a bonding strength as it determines the overall shape of the sorption curve (Sanyal and De Datta 1991) . Past irrigation with wastewater has significantly (P < 0.05) reduced the ability of soil from the 0-20 cm depth to sorb added P at both disposal sites. For example, at Site 1, values of k for the non-irrigated and irrigated samples were 71 and 38 L/kg, respectively, and 17 and 7 L/kg, respectively, at Site 2. Reduced sorption by irrigated soils compared with non-irrigated soils has been reported previously in the literature Polglase 1997, 1999; Holford et al. 1997; Nair et al. 1998; Menzies et al. 1999; Sui and Thompson 2000) , and has been attributed to the loss of P adsorption sites with increasing P saturation. The reason for higher values of k in irrigated soil from the 20-40 cm depth of Site 1 compared with non-irrigated samples is unclear as the chemical properties did not vary markedly between these 2 soils (Table 3) . It may be possible that through site heterogeneity, the lower depths of the irrigated soil contained materials with strong P sorption characteristics.
The marked increase in values of k at a depth of 65-75 cm relative to the overlying soil at Site 2 corresponded with increases in clay content (Table 3) , acidity (pH CaCl 2 decreased from 6.4 to 5.7, Table 2), and Fe content (inferred from the strong increase in reddish soil colour). Iron (as Fe oxides and hydrous oxides) and clay minerals can sorb considerable amounts of solution P (Sanyal and De Datta 1991) relative to coarse-textured sandy materials due to their high reactive surface area.
Ammonium-N
Ammonium-N sorption isotherms are presented in Fig. 4 (c,d) , and sorption parameters determined using the Freundlich equation are given in Table 4 . The shape of the isotherms for soils from Site 1 were best described as L-curves, while soils from Site 2 were best described as C-curves (Sposito 1984) . Soil from Site 1 appears to contain a number of sorption sites with a high-affinity for low concentrations of solution NH 4 -N (i.e. <30 mg/L), while the partitioning between solution and sorbed NH 4 -N appeared to remain relatively constant over the solution concentration range employed for soils from Site 2. Soil from Site 1 demonstrated a greater ability to sorb added NH 4 -N than soil from Site 2, irrespective of past wastewater treatment. Since NH 4 -N sorption is likely to occur primarily through cation exchange, then more sorption would be expected in soils with the higher cation exchange capacity. The ECEC of soil from Site 1 ranged from 3-fold to 20-fold greater than the ECEC of soil from Site 2 (Table 2) , and this would largely explain the difference in NH 4 -N sorption behaviour between the 2 soil types. The difference in sorption behaviour, however, was not proportional to the difference in ECEC. For example, the ECEC for surface soil (0-20 cm) from the non-irrigated and irrigated areas of Site 1 was 23.7 and 27.8 cmol c /kg, respectively, but the non-irrigated soil sorbed more NH 4 -N. Similar effects were observed for the irrigated area of Site 2, where the subsoil (65-75 cm, ECEC = 4.5 cmol c /kg) sorbed more NH 4 -N than the surface soil (0-20 cm, ECEC = 8.5 cmol c /kg), despite the surface soil material having nearly twice the CEC of the subsoil. This suggests other factors were contributing to the extent of removal of solution NH 4 -N by these soils. Calcium and Mg were the dominant resident exchangeable cations in both soils, and based on the lyotropic series, these divalent cations have a greater affinity for the exchange sites relative to monovalent cations such as NH 4 -N, particularly where organic matter is a major source of the negative surface charge (Table 2) .
Conclusions
Past applications of nutrient-rich piggery wastewater reduced the ability of 2 soils of contrasting properties to sorb the added P. This effect was observed in sorption kinetic studies (particularly for times <3 days) and from sorption isotherms, and was attributed to the loss of high-affinity sorption sites rather than to competition with organic ligands. Nitrogen transformation and cation exchange were largely responsible for decreases in NH 4 -N added in the wastewater. The transformation of much of the soluble NH 4 -N to NO 3 -N would be expected to encourage N leaching, and therefore the potential for pollution of receiving water bodies. These results suggest that long-term land disposal of piggery wastewater may exacerbate leaching losses of N and P from the crop root-zone. Accordingly, appropriate management strategies to minimise these losses need to be developed to avoid degradation of the receiving environment. The magnitude of surface-applied N and P lost through leaching in these soils is discussed in Phillips (2002) .
